We examined patterns of genetic structuring within a mature eastern white pine (Pinus strobus L.) forest, using geographic information system (GIS)-based data and maps that combined genetic (isozyme analysis of 46 loci) and other tree-specific information (e.g., size, growth, age, and location) for 220 trees in Jericho, Vermont. Interconnections between genotypic information with other tree characteristics revealed several patterns of genetic structuring. Average observed heterozygosity generally increased with tree age-class, and trees with a high number of rare alleles were disproportionally represented in suppressed crown classes. Spatial structuring was also evident: trees within 5 m of one another were highly related, and levels of relatedness generally decreased with increasing distance between trees. In general, a 35-m-radius circle around any tree circumscribed its zone of genetic similarity. Hierarchical cluster analysis indicated the stand consisted of five family groups that exhibited greater genetic similarity within than among clusters. Temporal structuring (a generation gap) was also evident: trees of similar age showed significant positive relatedness, as did trees 30-40 years apart. Patterns of genetic structuring likely resulted from the combined influences of natural selection, isolation by distance, and functional generation times. Genetic structuring may also have biological and management implications. Computer-based simulated harvests suggested that the stand could experience genetic alteration when tree removal criteria disrupted existing structural patterns.
Introduction
Genetic diversity is an essential component of biodiversity. By providing the means for selective adaptation to environmental change, genetic diversity plays a critical role in maintaining forest ecosystem health. Trees in particular, because of their long life spans and limited mobility, depend heavily on genetic diversity within populations to allow for survival and adaptation in response to environmental change. In fact, trees (particularly conifers) are among the most genetically variable organisms measured in allozyme research (Bush and Smouse 1992) .
Change, human-induced or otherwise, occurs continuously throughout forests across a range of temporal and spatial scales as a result of numerous factors, including wind, fire, insects, pathogens, drought, temperature extremes, storms, timber harvests, pollution, and climate change. Informed attempts at maintaining ecological sustainability must ensure that tree populations retain sufficient genetic diversity to successfully survive and adapt to such changes (Rajora 1999) . Structures of genetic diversity (i.e., the nonrandom heterogeneous distribution of genes and genotypes) are dynamic and mutable. Directed management can guide genetic structuring towards various ends, including maximizing effective population and subpopulation sizes, selecting for specific adaptations, and increasing genetic diversity in reserves for the future (Namkoong 1991) . On the other hand, management also has the potential to cause degradation of genetic structure within forests (Savolainen and Karkkainen 1992) . Understanding the structuring of genetic diversity is therefore an integral part of managing ecosystem resilience and longterm health (Riggs 1990) .
It is generally accepted that genotypes tend to be nonrandomly distributed within populations (Perry and Knowles 1991; Epperson 2000) . However, empirical data that elucidates specific patterns of genetic structure within native, and especially managed forests remains incomplete (Ledig 1988; Namkoong 1991; Epperson and Chung 2001) . This applies both to the structuring of genotypes with respect to phenotypes, and to the structuring of genotypes with respect to space and time.
Our research utilized a unique tool to examine genetic structuring: a GIS (geographic information systems) database of the physical, spatial, temporal, and genetic attributes of all mature individual trees in an eastern white pine (Pinus strobus L.) stand in Jericho, Vermont. This framework allowed us to categorically inventory and query baseline genotypic and physical data to examine patterns of genetic structuring with respect to variations in location, age, and crown class. This database also provided a unique platform for examining the potential influence of silvicultural manipulation on stand genetics by conducting a series of nondestructive simulated harvests with varying selection criteria. Eastern white pine was chosen as a study species because of its economic and historic importance, and because it exhibits high genetic variability with substantial local adaptation (Buchert 1994) .
Methods

Site
The study site is an approximately 10-ha stand in Jericho, Vermont, USA, that is dominated by mature eastern white pine. This site is representative of Vermont's land use history; the oldest pines are "wolf" trees that were likely pioneers in a pasture deserted before the turn of the 20th century (Johnson 1980) . Other tree species with a minor presence include red maple (Acer rubrum L.), red spruce (Picea rubens Sarg.), red oak (Quercus rubra L.), white ash (Fraxinus americana L.), black cherry (Prunus serotina Ehrh.), American beech (Fagus grandifolia Ehrh.), paper birch (Betula papyrifera Mash.), and striped maple (Acer pensylvanicum L.).
GIS database
A comprehensive database was constructed by first gathering inventory data, including size, age, growth, vigor, crown class, and spatial location for all 232 eastern white pine trees in the forest. These data were combined with genetic data, determined from starch gel electrophoresis, in a GIS framework.
Physical and age measurements
Stem diameter at 1.3 m (DBH) was recorded, and two increment cores were taken from each tree. After crossdating (Stokes and Smiley 1968) , cores were used to calculate tree age using the methods of Norton and Ogden (1990) . Crown class was visually determined following the Kraft crown classification system (Smith et al. 1997) . Precise spatial coordinates for each individual were obtained using a Total Station (Pentax 2CS, Asahi Optical Corp. Ltd., Tokyo, Japan) surveying tool.
Genetic measurements
Cones were collected from individual trees in the fall of 2000, during an approximately 3-week period between seed maturity and cone opening. Almost all trees (220 of 232 trees) produced seed, allowing for a nearly complete assay of stand genetics. The remaining 12 trees were all suppressed and did not produce seed at any time during the 3 years of this study.
Cones were dried, and seed was manually extracted and dewinged. Following a 24-h soak in water, seed was germinated on moist filter paper in a growth chamber at 22°C. Seed coats and embryos were removed, and haploid megagametophytes were extracted for electrophoretic assessments. A minimum of seven haploid megagametophytes from each tree were used in genetic analyses. Starch gel electrophoresis resolved 46 loci (26 of which exhibited polymorphisms) from 19 enzyme systems (Table 1) . Previous studies have indicated that these loci show independent Mendelian inheritance (e.g., Buchert et al. 1997; Rajora et al. 1998 (Jech and Wheeler 1984; Beaulieu and Simon 1994; Chagala 1996; Buchert et al. 1997; Rajora et al. 1998 
Population genetics and statistical analyses
Stand level genetic assessments were determined using BIOSYS-1 (Swofford and Selander 1989). Statistics of interest included heterozygosity (observed and expected), percentage of loci exhibiting polymorphism, effective number of alleles per locus, observed number of alleles per locus, individual locus allele frequencies, and the number of rare (p ≤ 0.01) and uncommon (0.01 < p ≤ 0.05) alleles.
Analyses of variances and Tukey-Kramer honestly significant difference (HSD) tests were used to test for significant differences in average heterozygosity among age-classes, and differences in the number of rare alleles among crown classes. Paired t tests were used to test whether levels of expected and observed heterozygosities differed, and thereby assess whether cohorts were in Hardy-Weinberg equilibrium.
Family structuring was analyzed by comparing genetic relatedness values, spatial distances, and age differences for all possible pairs of trees (24 090 distinct pairs for 220 trees excluding self-comparisons). The relatedness, spatial distance, and age difference between two trees was referred to as the pairwise relatedness, pairwise distance, and pairwise age difference of these trees, respectively.
Individual tree multilocus genotypes were converted into a 220 × 220 matrix of pairwise relatedness values (i.e., a measure of the relatedness between pairs of trees) ranging between 1 and -1 using Relatedness 5.0.8 (Goodnight and Queller 1999) . This program compares the genotypes of each pair of individuals relative to the entire population, preferentially weighting rarer alleles that possess greater value for determinations of heredity (Queller and Goodnight 1989) . A relatedness value of +1 indicates that the individuals compared are genetically identical for the loci assessed, +0.5 indicates genetic similarities equivalent to full-siblings, +0.25 indicates genetic similarities equivalent to half-siblings, etc. A relatedness value of 0.0 indicates that compared individuals have the same degree of similarity to each other as they have on average to randomly selected members of the population. Conversely, negative relatedness values indicate that compared individuals are more dissimilar to each other than they are to the population at large. At the extreme, a value of -1 indicates that the compared individuals are dissimilar for all loci assessed. The following equation was used to calculate R, the relatedness value:
where x indexes individuals in the data set. k indexes loci. l indexes allelic position (i.e., l = 1 or 2 for a diploid individual, or only 1 for a haploid). P x is the frequency within the current x individual of the allele found at x's locus k and allelic position l. In a diploid, this value must be either 0.5 or 1.0. P y is the frequency of that same allele in the set of "partners" of x -the individual(s) to which you are assessing x's relatedness. P* is the frequency of the allele in the population at large (Goodnight and Queller 1999) .
Matrices describing pairwise distances and pairwise age differences between all pairs of trees were created in ArcView ® GIS 3.2 using the extension "dmatrix_en.avx" (Maoh 2001) .
Mean pairwise relatedness values within categorically derived subpopulations (i.e., groups of tree pairs whose memberships were determined by pairwise distance rankings or pairwise age difference rankings) were compared with random means created using Monte Carlo simulations (1000 resampling iterations) (Simon 2002) . Monte Carlo simulations repeatedly select random samples of user-determined sample sizes (i.e., of the same sample size as a categorically derived subpopulation) from the complete data set. The means from these resampling groups create a random distribution used as a comparison to determine the statistical probability that a categorically derived subpopulation's mean could occur by chance.
Clustering analyses and mapping were performed with a hierarchical averaging technique using JMP software (version 4.0.2, SAS Institute Inc., Cary, N.C.). Relatedness values were used as clustering variables. Five cluster groups were identified based on the first significant distance gap between bridged clusters comprising the output dendrogram. Maps were created for cluster visualization. Clusters were compared using analyses of variances to determine if they differed in mean age, heterozygosity, and rare alleles.
Harvesting scenarios were developed using the following characteristics as silvicultural selection criteria: tree age, basal area of the most recent 10 years of growth, DBH, and crown class at various harvesting intensities (e.g., simulating the removal of different proportions of the original stand). An additional harvesting scenario was developed that used the onsite judgment of the regional Vermont State Forester to select trees for silvicultural removal.
Several genetic diversity parameters, including heterozygosity (observed and expected), and the mean number of uncommon alleles, were calculated for all residual stands following harvest simulations. Paired t tests were used to compare the genetics of stands following simulated harvests to the uncut stand and to determine whether residual stands were in HardyWeinberg equilibrium. Monte Carlo simulations were also used to compare the genetics of residual stands following harvest simulations to repeated random harvests of equal intensities (1000 resampling iterations) (Simon 2002) . By comparing harvests that left the same number of trees in residual stands, the confounding effects of differential sample size on genetic diversity measures were avoided.
Results
Physical overview
A diverse group of 220 genotyped mature eastern white pine trees comprised the stand (Fig. 1) . The largest tree's DBH was over 5 times greater than the smallest; DBHs ranged from 21.4 to 113.4 cm. Although all crown classes were present, most trees were codominant or dominant, while only 36 and 5 trees were intermediate or suppressed, respectively. Average tree age was about 77 years old at breast height, with individuals ranging from 60 to 118 years old. Sixteen of the oldest individuals were "wolf" trees with large diameter branches extending nearly to ground level (Table 2) .
Genetic overview
Overall, the stand was in Hardy-Weinberg equilibrium. Mean observed heterozygosity was 0.113, and of the 46 loci resolved, 26 were polymorphic. The mean number of alleles per locus was 1.91. There were numerous rare and uncommon alleles (Table 3) . These measures are similar to previous reports for eastern white pine (e.g., Rajora et al. 1998; Beaulieu and Simon 1994; Buchert at al. 1997 ).
Evidence of structuring by age and crown class
The interconnections between age and genotypic characteristics resulted in several patterns of genetic structuring. For example, when trees were ranked by age into five equalsized age-classes, significant differences in mean observed heterozygosity were found between classes (ANOVA, p = 0.02). Heterozygosity generally increased for older age-classes, with age-class 4 (the second oldest class with trees ranging from 77 to 87 years old) exhibiting significantly higher heterozygosity than the age-class 1 (the youngest class with trees ranging from 60 to 68 years old) (p ≤ 0.05, Tukey-Kramer HSD test) (Fig. 2) . Also, trees from more dominant crown classes tended to have fewer rare (p ≤ 0.01) alleles, although the low sample sizes for the intermediate (n = 36) and suppressed (n = 5) classes limited statistical resolution, so that differences were not statistically significant (Tukey-Kramer HSD test).
Evidence of family structuring
More striking than patterns between heterozygosity and age, or rare alleles and crown class, was evidence of family structuring in space and time. Comparing every possible pair of trees in terms of genetic relatedness, location, and age provided a visual as well as quantitative assessment of distinct family structures. Overall, pairs of trees close to one another demonstrated levels of relatedness significantly higher than random pairings. A clear indication of this was that, on average, pairwise relatedness values (i.e., a measure of the relatedness between pairs of trees) decreased as observations were made at ever increasing distances radiating from each tree (Fig. 3) . However, this measure evaluated average relatedness for trees over cumulative distances, which likely overestimated the extent of relatedness across the stand, because strong genetic similarities among very close trees were included even in more distant comparisons. A slightly different approach was used to estimate average family size (i.e., the distance at which average pairwise relatedness is no longer significantly positive). We divided pairwise distance, the spatial distance between pairs of trees, into 5-m lags (e.g., distance lag "30-35" included all pairs of trees that were between 30 and 35 m apart) for a detailed view of relatedness across distance. Distance lags above 70 m were not included in this analysis, because low sample sizes unduly weighted the influence of a few trees at the stand's perimeter. This analysis showed that, on average, an approximately 35-mradius circle drawn around any tree circumscribed its zone of genetic similarity (Fig. 4) . Within this zone, the center tree was significantly more related to other trees than to randomly selected trees from the overall stand.
This general relationship between spatial location and relatedness can be more specifically examined by actually mapping family group boundaries. We performed hierarchical cluster analysis on the pairwise relatedness matrix, clustering individuals into family groups according to their relatedness values. Five family groups in this stand exhibited significantly greater genetic similarity within clusters than among the clusters. When a stand map was labeled according to which group each tree belonged, the family groups (of varying size) exhibited distinct spatial structures (Fig. 5) . Analyses of variance showed significant differences between clusters in mean observed heterozygosity (ranging from 0.09 to 0.18, p ≤ 0.01), mean number of uncommon alleles (ranging from 0.58 to 3.71, p ≤ 0.01), and mean age (ranging from 75.19 to 85.29, p ≤ 0.02). Cluster 1, which has the most members (n = 126), is the only cluster that did not exhibit spatial aggregation.
Temporal patterns between relatedness and age (expressed as lags of age differences) also revealed family structuring (Fig. 6) . As in distance lag analysis, extreme age difference lags were not included in this analysis, because low sample sizes exaggerate the influence of the few oldest trees. The significant positive relatedness exhibited by like-aged individuals ("0-5" year age difference lag) may indicate within cohort relatedness (e.g., sibling and cousin relationships). Whereas the significant positive relatedness at "30-35" and "35-40" year age difference lags likely reflects intergenerational relationships. Based on this, we estimated that the effective generation time in this stand (i.e., the minimum significant age difference between parents and offspring) was approximately 30 years. Although significantly positive, mean relatedness within like-aged and intergenerational groups was not high, averaging about 0.05 for the 0-5 lag and approximately 0.03 for the greater age lags. However, these groups included over 25% of individual pairings with relatedness levels ≥ 0.25 (genetic similarities equivalent to half-sibs) and about 5% of pairings with relatedness levels ≥ 0.50 (analogous to full-sibs).
Discussion
Patterns and processes
The patterns of genetic structuring that we observed likely resulted from the influence of several processes, including fitness-based selection on genotype-influenced phenotypes (natural selection), spatial family structuring determined by limited pollen and seed transport with distance (isolation by distance), and temporal family structuring resulting from a generation gap between offspring and parents determined by the age of effective reproductive maturity (generation time). Microhabitat selection could also create genetic structuring; however, this process is likely to affect only a few loci. By combining 46 loci in the analysis, we diluted the influence of this potentially confounding effect (Berg and Hamrick 1995) .
Natural selection
Heterozygosity has been shown to be related to fitness (e.g., Jelinski 1993; Li and Wu 1996; Arcade et al. 1996; Li et al. 1998 ). This phenomenon, referred to as heterosis, has been linked to two possible processes: "inbreeding depression or dominance", whereby deleterious recessive alleles are homozygous in inbred individuals, and "overdominance" whereby heterozygosity for multiple alleles may provide a survival advantage by allowing greater plasticity in physiological function (Knowles and Grant 1981; Ledig et al. 1983; Bush et al. 1987) . Older populations or cohorts have been shown to have higher heterozygosity, presumably because they have been subjected to greater cumulative selective pres- sure over time, which preferentially selected for individuals with a relatively high proportion of heterozygous loci and (or) against homozygosity (Neale and Adams 1985; Plessas and Strauss 1986; Hawley et al. 1988; Bush and Smouse 1992) . This stand showed a similar pattern of increasing heterozygosity with age-class, although the oldest age-class diverged from the trend (Fig. 2) . Slightly lower heterozygosities for the oldest trees may indicate that competitive pressures were low when this group, which included all the opengrown wolf trees, initially colonized the site. Low heterozygosity levels may also reflect a "founder effect", whereby diversity was restricted by the genetics of a limited number of initiating seed sources. The majority of wolf trees shared positive relatedness values (approximately 64% of wolf tree pairs), and the overall mean relatedness of wolf trees was comparatively high (0.105), which would be expected if this group resulted from a small founder population.
Another interesting relationship between fitness and genotype involved rare alleles. Both in heterozygous and homozygous forms, rare alleles have been associated with weaker phenotypes (Cheliak et al. 1988; Bush and Smouse 1991; Adams et al. 1998; Hawley et al. 2005) . Consistent with this, the mean number of rare alleles per individual exhibited an inverse relationship with crown class dominance. Mean number of rare alleles increased from 0.06 for dominant and 0.08 for co-dominant trees, to 0.11 for intermediate and 0.2 for suppressed trees, although crown class means were not significantly different from one another because of the low number of intermediate and suppressed individuals. Because heterozygosity and rare allele levels both showed some association with fitness, it is not surprising that a group unique in one of these measures was also distinctive in the other. The second age-class (age 68-71 years old) was the only one deviating from Hardy-Weinberg equilibrium (because of an excess of heterozygotes; p ≤ 0.02, paired t test). Interestingly, this age-class was also the only class to show a significantly low number of rare and uncommon alleles (p ≤ 0.03 for uncommon alleles, p ≤ 0.02 for rare alleles, with comparisons made against the distribution of means derived from Monte Carlo simulations). Selection, perhaps during the vulnerable period of seedling establishment and early growth, may have shaped the unique genetics of this group.
Isolation by distance
The GIS framework allowed for substantial advances in evaluating Wright's isolation by distance model (Wright 1969) . Although it has long been supposed that spatial and temporal genetic structures exist as a result of familial relationships, tree population research has often failed to find family patterning in accordance with theoretical expectations (Smouse and Peakall 1999) , leading some to suggest that high outcrossing rates in conifers prevent such structuring (Savolainen and Karkkainen 1992) . Various researchers have proposed that typically used statistical procedures, such as the per locus autocorrelation assessments using Moran's I statistics, may fail to detect generalized evidence of spatial structuring (e.g., Epperson 1995a Epperson , 1995b Berg and Hamrick 1995; Smouse and Peakall 1999) . Indeed, by using a broader multilocus technique, we provide evidence of significant family structuring. Our method determined average pairwise relatedness values (Queller and Goodnight 1989) within distance and age difference classes, and then used Monte Carlo resampling statistics to determine significance levels.
Our results indicate that family structuring has occurred in space and time in this stand. Spatial structuring was evident from the strongly significant relationship between pairwise distance and pairwise relatedness among trees (Fig. 3) . This pattern likely resulted from the exponential decrease of effective pollen and seed transport with distance (Adams 1992) , and is consistent with patterns detected for eastern white pine from a variety of locations and growth stages (Epperson and Chung 2001; Rajora et al. 2002) . In addition, by dividing pairwise distance into 5-m lag groups, we were able to perceive a family structure, averaging 35 m in radius, surrounding each tree (Fig. 4) . Also, a cluster analysis performed on the relatedness matrix allowed us to group trees into clusters of highly related individuals (i.e., denoting families). This procedure further confirmed the existence of spatial structure, when family clusters, plotted on a map, visually exhibited discernable spatial patterning (Fig. 5) . Density contours were drawn on the map to further delineate cluster boundaries (Figs. 5B and 5C ).
Generation time
The primary indication of generation time (i.e., the minimum age differences between generations, which is driven by the age at which an individual becomes part of the effective breeding population) has been rather loosely associated with the age at which trees arrived at sexual maturity. For some monoecious species like eastern white pine, this age is not specific; eastern white pine can produce female strobili at young ages (5-10 years old), but male strobili are mostly found on older trees. Furthermore, estimates of the age of substantial seed production in eastern white pine range from 20 to 30 years old, to over 50 years old (Lancaster and Leak 1978; Wendel and Smith 1990 ). In addition, the age of sexual maturity may be younger than the age at which an individual produces enough gametes to effectively contribute to the gene pool. Thus, just as the concept of an "effective population size" (Chambers 1983 ) accounts for the fact that not all members of a population equally contribute gametic material to the next generation, a concept of an "effective age of reproductive maturity" should account for the likelihood that an individual's contribution to the future gene pool varies with age. The results of comparisons between pairwise relatedness and pairwise age differences indicated that significant positive relatedness occurred at age differences greater than 30 years (Fig. 6) . Thus, the effective age of reproductive maturity (i.e., the functional generation time) for this stand was approximately 30 years. This empirical estimate corresponds favorably with the generalized expected ages based on seed production criteria.
Management implications
By affecting processes that shape genetic structure (including natural selection, isolation by distance, and generation time), management could alter the genetics of forest stands.
For example, in theory the gene pools of forest species could be influenced by human selection and removal of trees (and genes) through timber harvesting (Smith et al. 1997) . Through the differential removal of trees of certain age, size, or quality characteristics from the reproductive pool, harvests might alter the genetic structure of the residual population in ways distinct from natural selection.
As a test of the possibility that selective tree removals might alter the genetics of the residual stand, we performed simulated harvests on our GIS-based data set using various tree characteristics (e.g., DBH, age, crown class, and basal area of the last 10 years of growth) as selection criteria. By recalculating levels of heterozygosity and rare alleles in residual stands after specific selection harvests and comparing these to the distribution of genetic measures following 1000 random harvests of equal intensity (using Monte Carlo simulations, where the number of trees in all residual populations compared were held constant so there was no confounding of differential sample size), we evaluated the relative influence of selection on these genetic parameters. Most simulations, including a harvest prescription marked by a Vermont state county forester, left a residual stand that did not significantly alter genetic diversity. However, harvests that targeted parameters associated with genetic structuring were a noted exception to this trend (Table 4) . For example, simulated harvests that removed the oldest individuals significantly reduced mean observed heterozygosity more than harvests that removed the same number of trees at random (p ≤ 0.02 for harvests that removed 75% of the trees, retaining only the youngest 25% of trees). This was especially true when the wolf trees (which are not likely to be cut in a commercial harvest) were left (p ≤ 0.05 for a 43% harvest intensity, p ≤ 0.01 for a 68% harvest intensity). These same simulations (i.e., cutting the oldest, but leaving the wolf trees) also significantly reduced the mean number of uncommon alleles (p≤ 0.03 for a 43% harvest intensity, p ≤ 0.06 for a 68% harvest intensity).
In general, simulated harvests that manipulated patterns of genetic structuring had the potential to either increase or decrease genetic diversity measures depending on the selection criteria employed (Table 4) . Some of these alterations have theoretical implications for stand fitness. For example, it is generally assumed that rare alleles convey some reduction in fitness and are selected against (Rajora and Mosseler 2001) . Considering this, the artificial amplification of the frequency of rare alleles could reduce stand fitness in the near term assuming stable environmental conditions (Hawley et al. 2005) . However, because they can act as a reserve for altered gene expression that may be of adaptive benefit under new environmental and competitive conditions, rare alleles may also be important to long-term population and species survival (Bergmann et al. 1990; Buchert et al. 1997; Rajora et al. 2002) . Thus, the loss of rare alleles could reduce options for adaptation to changing conditions, especially if the gene flow from outside the stand is limited.
Whatever the implications of our simulated harvests, it is important to note that published reports from field-based silvicultural studies provide some support for the possibility that selective harvesting can influence genetic reserves. Neale (1985) and Neale and Adams (1985) reported that shelterwood harvesting had little impact on the genetic structure of Douglasfir (Pseudotsuga menziesii (Mirb.) Franco) stands. They attributed this resiliency to the high levels of genetic diversity inherent to Douglas-fir, and the fact that the species occurs in almost pure, high-density stands. In contrast, Cheliak et al. (1988) found that phenotypically selected white spruce (Picea glauca (Moench) Voss) trees had on average only 75% of the genes found among randomly selected trees from the same population. For coastal Douglas-fir, Adams et al. (1998) reported fewer alleles in a shelterwood treatment (that preferentially removed low quality trees) relative to an unmanaged control. The alleles absent from the shelterwood stand were rare in the control stand (Adams et al. 1998 ). Phenotypically based harvests have also been associated with shifts in allelic frequency for eastern hemlock (Tsuga canadensis (L.) Carrière) (Hawley et al. 2005) . Here, when smaller trees with inferior phenotypes were preferentially removed, the number of rare alleles was lower than the control stand. In contrast, alleles that were rare in the control existed at a higher frequency in a diameter-limit cut that preferentially retained small and poor quality trees (Hawley et al. 2005) .
Valuable for comparisons to our simulated harvests, significant alterations in genetic diversity following actual harvests have also been noted for old growth eastern white pine (Buchert et al. 1997 ). Here, a 75% reduction in tree density was accompanied by a 25% decrease in the number of alleles, a 33% reduction in the proportion of polymorphic loci, a 40% loss of low frequency alleles, and an 80% decrease in the number of rare alleles. It was estimated that the latent genetic potential of these stands was reduced by about 50%, and that this loss likely compromised the ability of these gene pools to adapt to changing environmental conditions. Microsatellite DNA analysis by Rajora et al. (2000) on samples from the same study produced similar results as those reported by Buchert et al. (1997) using allozyme analysis.
Genetic structures are naturally dynamic (Namkoong 1991) , and there is a need to study their fluctuations over time to better understand how they contribute to forest health and productivity. Managed forests should be monitored and genetically compared with existing baseline data from unmanaged stands to assess the biological impacts of human manipulations (Ledig 1992) . The GIS-based approach that we describe here could provide a useful framework for this analysis. Evaluations of GIS-based genetics information can highlight the importance of life history characteristics and provide a method to quantify their influence on genetic structuring. An enhanced understanding of life-history characteristics and resulting structures could assist the development of management strategies that are ecologically sustainable (Namkoong 1983) . Whether harvesting, collecting seed (for research, gene conservation, or reforestation nursery stock), or setting aside land as reserves, corridors, or harvest patch retentions, knowledge of genetic structuring may prove useful in the preservation of future genetic resources. Note: ↑ denotes a significant increase (p ≤ 0.10), ↑↑ denotes significant increase (p ≤ 0.05), ↓ denotes a significant decrease (p ≤ 0.10), and ↓↓ denotes significant decreases (p ≤ 0.05). Paired t tests or Monte Carlo simulations (MCS; 1000 iterations) were used to test significance levels. Mean Ho (homozygous loci) and He (heterozygous loci) per locus standard errors were 0.025-0.028. 
